INTRODUCTION
Pathologic changes in the glomerular extracellular matrix lead to abnormal protein excretion as well as to impairment of glomerular filtration in diabetic nephropathy. Alterations in the diabetic glomerular basement membrane include increase in its thickness and decrease in the density of anionic sites (1) . The latter corresponds to reduction in glomerular basement membrane content of heparan sulfate proteoglycan (HSPG), a highly anionic molecule which regulates the chargeand size-selective aspects of glomerular permselectivity (2) (3) (4) . Ultrastructural studies have demonstrated aggregation of HSPG into anionic sites in both the lamina rara externa and lamina rara interna of glomerular basement membrane (1) . Previous reports have shown that glomerular epithelial cells contribute to HSPG present in glomerular basement membrane (5-7). Incubation of glomerular epithelial cells in medium containing high glucose concentraion results in inhibition of synthesis of basement membrane HSPG, perlecan (8) or agrin (9) . High glucose medium induced reduction in synthesis of perlecan was found to be mediated by regulation of gene expression of perlecan core protein (10) , suggesting a role for glomerular epithelial cells in pathogenesis of proteinuria in diabetic nephropathy.
Perlecan is an important species of HSPG present in the basal laminae including the glomerular basement membrane (11) . It is a modular proteoglycan consisting of a large core protein and heparan sulfate glycosaminoglycan (GAG) side chains. Presence of HSPG in the subendothelial zone of the glomerular basement membrane (lamina rara interna) (1) suggests that glomerular endothelial cells (GEndo) may be the source of the proteoglycan. Studies on bovine GEndo have shown that the cells synthesize perlecan and release it into the medium (12) . The anionic site density in subendothelial lamina rara interna of glomerular basement membrane is reduced in diabetic nephropathy (1) . This suggests that altered metabolic activity of glomerular endothelial cells may be involved in reduction of proteoglycans in the subendothelial aspect of the diabetic glomerulus. Accordingly, we examined whether high glucose medium regulates the GEndo metabolism of basement membrane HSPG, perlecan.
MATERIALS AND METHODS

Cell Culture
Bovine GEndo were grown and characterized as previously described (12) . Cells were grown to confluence and medium changed to either (a) control medium: RPMI medium
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containing 5 mM glucose, 0.66 unit/mL insulin, 10% fetal bovine serum, 15 mM HEPES, 100 g/mL streptomycin, 100 U/mL penicillin, or, (b) high glucose medium: RPMI medium containing 30 mM glucose, no added insulin, but with all other additives as for control medium. These conditions were designed to reflect features of type I diabetes, i.e., hyperglycemia and insulin lack. The cells were incubated in an atmosphere of 5% CO2 at 37℃ in control, or high glucose medium for 7 or 14 days for "short term" incubation. In some experiments employing "long term" incubation, GEndo were either grown to confluence and maintained in 5 mM or 30 mM glucose medium, or, were passed every 10-14 days for 5 to 6 times and maintained in the respective media for up to 2 to 3.5 months. The media were changed every 3-4 days. In some experiments cells were grown in medium containing 5 mM glucose and 25 mM mannitol to serve as osmotic control for 30 mM glucose.
Analysis of Proteoglycans and Glycopeptides
Bovine GEndo glycoconjugates were systematically analyzed employing methods previously described (8, 12, 13) .
Labeling with
35
SO4
At the end of either short or long term incubation, confluent layers of GEndo grown in 12-well dishes were fed fresh control or high glucose medium and labeled for 24 hr with 200 Ci/mL of 35 S-SO4 (ICN Biochemicals, Aurora, OH, U.S.A.; specific activity 43 mCi/mg S, carrier free). Kasinath (12) has previously shown that 35 S-SO4 incorporation into macromolecules by the GEndo is linear up to 48 hr. Following labeling, the medium and cell layer were extracted as previously described (12) . Guanidine HCl was added to the medium at a concentration of 4 M along with the following protease inhibitors: 1 mM phenylmethylsulfonylfluoride, 100 mM 6-aminohexanoic acid and 10 mM benzamidine HCl. Cell layers were extracted overnight at 4℃ in 4 M guanidine HCl containing 2% (3-[3-cholamidopropyl]-dimethylammonio)-1-propane sulfate) (CHAPS) and protease inhibitors. Medium and layer extracts were stored at -20℃ until further analysis. Protein content of the cell monolayers in parallel wells (n=4 in each experiment) incubated in the respective media was estimated by using a bicinchonic acid reagent kit (Pierce, Rockford, IL, U.S.A.), with bovine serum albumin as standard.
Purification of Labeled Macromolecules
The 35 S-labeled macromolecules were separated from unincorporated free label by Sephadex G-25 chromatography using pre-packed PD:10 columns (Pharmacia, Peepack, NJ, U.S.A.). The elution buffer consisted of 6 M urea, 0.15 M NaCl, 0.05 M sodium acetate, protease inhibitors (as above), and, 0.5% CHAPS, pH 5.8 (12) . Aliquots of fractions were counted in liquid scintillation medium (Aquassure, NEN Research, Boston, MA, U.S.A.), and the excluded fractions were pooled for analysis.
Ion Exchange Chromatography
35 S-labeled proteoglycans were separated from low anionic labeled macromolecules by DEAE-Sephacel chromatography. Equal amounts (cpm) of pooled 35 S-labeled cell or medium macromolecules from each incubation condition were applied to a DEAE-Sephacel column of 2 mL bed volume, and eluted in 1 mL fractions along a linear NaCl gradient employing 6 M urea buffer (see above) containing 0.15 M NaCl and 1.5 M NaCl as start and limit buffers, respectively. Protease inhibitors were included in both buffers. Gradient development was monitored by measurement of conductivity of fractions using CDM-80 instrument (Radiometer, Copenhagen, Denmark). The fractions that elute at greater than 0.3 M NaCl were pooled as proteoglycans (14) .
Molecular Sieve Chromatography
Hydrodynamic size characteristics of proteoglycans were studied by Sepharose CL-4B chromatography. Equal amounts (cpm) of cell or medium labeled proteoglycans from each condition of incubation were eluted in 1 mL fractions from a 100×0.65-cm column of Sepharose CL-4B under dissociated conditions employing 4 M guanidine-HCl, 50 mM TrisHCl, pH 7.4, 0.5% Triton X-100 buffer containing protease inhibitors. Aliquots of fractions were counted and fractions corresponding to the peaks were pooled. The hydrodynamic size of proteoglycans was calculated as Kav=Ve-Vo/Vt-Vo, were Vo is the void volume as determined by blue dextran elution, Vt is the total volume as determined by elution of free 3 Hglucosamine, and Ve is the elution volume of labeled proteoglycan.
Glycosaminoglycan (GAG) Digestion
Proteoglycans in each peak of Sepharose CL-4B chromatography were divided into three aliquots, and subjected to chondroitinase-ABC or nitrous acid digestion as previously described (8, 12) ; the third untreated aliquot served as a control. These conditions of have been shown to take enzymatic digestions to completion (8, 12, 13) . Following GAG digestion gel chromatography was performed using a G:50 Sephadex column with PBS as the elution buffer and relative proportions of chondroitin/dermatan sulfate and heparan sulfate GAGs were determined.
Northern Blot Analysis
Total RNA was extracted from GEndo incubated with 5 mM glucose, 30 mM glucose, or 5 mM glucose +25 mM mannitol medium (10, 15) . RNA samples were quantified by spectrophotometry and their integrity confirmed by electrophoresis on 1% agarose gels. Equal amount of total RNA (15 g) from GEndo incubated with the respective media were fractionated on a 1% agarose, 2.2 M formaldehyde gel, transferred to Nytran membrane using a TurboBlotter system (Schleicher and Schuell, Keene, NH, U.S.A.), and cross-linked by ultraviolet light. The membrane was prehybridized in a buffer containing 50% formamide, 5×SSC, denatured salmon sperm DNA 150 g/mL, sodium pyrophosphate-EDTA, at 42℃ with 1-2×10 6 cpm/mL of RPD-1, a partial cDNA for rat perlecan (15) . The blot was washed two times in 2×SSC, 0.1% SDS for 15 min at 45℃ and once in 0.2×SSC, 0.1% SDS for 15 min at 50℃. The blot was autoradiographed on an X-omat film using intensifying screens. The membrane was stripped by boiling in 1% SDS, 10 mM EDTA, 10 mM Tris buffer for 10 min and reprobed with a cDNA for GAPDH, as described above. The intensity of bands was measured by laser densitometric scanning (Hoefer Scientific Instruments, San Francisco, CA, U.S.A.).
Statistics
The data (cpm per mg cell protein) in each condition of incubation from three experiments were expressed as mean ±SEM and compared by Student's t test; p<0.05 was considered to be statistically significant.
RESULTS
High Glucose Medium Decreases Synthesis of 35 S-SO4-labeled Macromolecules
Following 24 hr of labeling in control medium approximately 47% of the total 35 S-labeled macromolecules appeared in the medium, the rest being retained in the cell layer. The relative distribution of labeled macromolecules between the medium and the cell layer compartments was unaffected by incubation in high glucose medium (Table 1) .
Following long term incubation (8 to 14 weeks) in high glucose medium, the net synthesis of 35 S-labeled macromolecules was reduced by approximately 53% and 50% (p<0.05) in both the medium and cell layer compartments, respectively. Incubation in 30 mM glucose medium for 7 or 14 days did not affect incorporation of 35 S-SO4 into macromolecules (data not shown). Careful attention was paid to possible untoward effects of prolonged incubation periods on GEndo. Incorporation of 35 S-SO4 into macromolecules by GEndo incubated in control medium was quantitatively similar to our previous observations with GEndo (12) , suggesting that the cells were metabolically active despite prolonged incubation. Protein contents of cell layers did not differ significantly between control and 30 mM glucose treated cell layers at the end of incubation periods, i.e., 399±33.6 g/well (control, 30 mM glucose) vs. 445±38.5 g/well (30 mM glucose, Table 1 ). Finally, morphological examination at the end of prolonged incubation did not reveal any difference in appearance between cells grown in control or the high glucose media, the cells was not noted on careful examination of the monolayers every three days for the duration of incubation. The profile of proteoglycans on molecular sieve chromatography was similar to that reported in pure populations of GEndo (12), further confirming absence of emergence of new cells with a different proteoglycan profile. There was no evidence of excessive cell detachment in cell layers incubated with 30 mM glucose. These observations show that prolonged incubation with 30 mM glucose did not affect the viability of GEndo compared to cell layers incubated for the same duration with medium containing 5 mM glucose (Fig. 1) .
High Glucose Medium Reduces Synthesis of 35 
S-labeled Glycoproteins and Proteoglycans
On ion exchange chromatography, 35 S-labeled macromolecules in both medium and cell layer of cells incubated with 5 mM glucose resolved into 2 peaks. Peak A appeared at a molarity close to that of start buffer (0.15 M NaC1) whereas peak B eluted at a molarity greater than 0.3 M NaC1 (Fig. 2, 3) .
Proteoglycans accounted for the majority of labeled macromolecules in both medium and cell layer compartments. The relative distribution of labeled macromolecules into peaks A and B was not altered in GEndo incubated with 30 mM glucose. However, high glucose medium induced a significant 53.5% reduction in the synthesis of 35 S-labeled low anionic macromolecules, i.e., glycoproteins (peak A) in cell layer compartment; although a 47% decrease was seen in the synthesis of labeled glycoproteins in the medium, it did not achieve statistical significance (Table 1) . (Table 1) which was estimated at 56% for the medium (31,900±2,270 vs. 14,070±4,000, p<0.01) and at 48% for the cell layer compartment (37,940±4,600 vs. 19,700±5,710, p<0.05). Furthermore, high glucose medium did not alter the anionic charge density of proteoglycans in either the medium or the cell layer, as indicated by elution of peak B at similar molarity of NaC1 (Fig. 2, 3 ).
On molecular sieve chromatography, medium proteoglycans from GEndo incubated with 5 mM glucose resolved into 2 peaks of Kav 0.18 and 0.42 (Fig. 4) . Peak M-I (Kav 0.18) formed 36% of all medium proteoglycans whereas peak M-II (Kav 0.42) accounted for the remainder (Table 2 ). GAG analysis showed that the majority of proteoglycans in peaks M-I and M-II was made of chondroitin sulfate proteoglycan (76% and 59%, respectively) the remainder consisting of heparan sulfate. The HSPG in peak M-II has the hydrodynamic size of bovine glomerular basement membrane HSPG (Kav 0.44) (16) . On incubation with 30 mM glucose, there was no alteration in either the hydrodynamic size of the proteoglycan peaks M-I and M-II, or, their relative distribution (Fig. 4) . However, high glucose medium caused a reduction in the synthesis of proteoglycans in peak M-I by 58% (11,430 ±460 vs. 4,850±1,090, p<0.005) ( Table 2) . Similarly, a 55% reduction was seen in the synthesis of peak M-II, proteoglycans (20,470±1,820 vs. 9,220±2,910, p<0.05) when GEndo were incubated with 30 mM glucose medium (Table  2 ). GAG analysis showed that heparan sulfate accounted for 30% and 50% of peaks M-I and M-II respectively. The reduction in synthesis of HSPG in peak M-II that resembles glomerular basement membrane HSPG, perlecan, was estimat- Cell layer proteoglycans of GEndo incubated with control medium also resolved into two distinct peaks of Kav 0.24 and 0.67, respectively (Fig. 5) . Peak C-I of Kav 0.24 accounted for 18% of all cell layer proteoglycans ( Table 2) . GAG analysis showed that heparan sulfate and chondroitin/dermatan sulfate accounted for 54% and 46% of GAGs in peak C-I (Kav 0.24), respectively, whereas peak C-II was composed mostly of chondroitin/dermatan sulfate (73%). Incubation with high glucose medium did not alter the hydrodynamic size or the relative proportion of the proteoglycan peaks (Fig.  5 ). There was a reduction of approximately 26% in the synthesis of peak C-I proteoglycans, which did not reach statistical significance (Table 2) . High glucose medium decreased the synthesis of peak C-II proteoglycans significantly by 53% (31,550±5,260 vs. 14,970±4,720, p<0.05) ( Table 2) . Incubation with high glucose medium did not change the GAG constituent profile of either peak.
Regulation of Gene Expression of Perlecan, the Basement Membrane HSPG, by High Glucose Medium
As there was a reduction in synthesis of HSPG that resembles GBM HSPG, perlecan, we examined whether regulation of perlecan gene expression could be involved. For northern analysis, we employed RPD-1, a partial cDNA probe for rat perlecan, which shares a high degree of homology with mouse and human perlecan (15) . As shown in Fig. 6 , bovine GEndo constitutively express perlecan transcript which is approximately 12 kb in size (10) . Following incubation with 30 mM glucose for 12 weeks, there was a demonstrable reduction in the mRNA abundance of perlecan. This was estimated to be 47% following correction for RNA loading as assessed by hybridization with the probe for GAPDH. In contrast to the high glucose medium, incubation for identical duration with 5 mM glucose with 25 mM mannitol, employed as an osmotic control for 30 mM glucose, caused a 1.5-fold increase in the mRNA abundance of perlecan in GEndo.
DISCUSSION
These data demonstrate that prolonged incubation of bovine GEndo with high glucose medium results in a decrease in the synthesis of sulfated glycoproteins and proteoglycans, including perlecan, a glomerular basement membrane HSPG. The synthesis of perlecan is regulated at the level of gene expression. Metabolic effects of high glucose are selective and does not due to an osmotic effect, as equimolar mannitol failed to decrease the mRNA expression of perlecan.
It is generally thought that glomerular epithelial cells are responsible for synthesis of glomerular basement membrane in adult rats (5) . Studies employing antibodies against laminin have shown that both glomerular epithelial and endothelial cells are involved in matrix synthesis in the developing rat glomerulus; however, in the adult rat, glomerular epithelial cells become the predominant source for laminin deposited in the basement membrane (17) . Endothelial cells are metabolically active cells that are known to contribute to synthesis of extracellular matrix. The proximity of the anionic sites in lamina rara interna to glomerular endothelial cells suggests that GEndo could deposit HSPG in this location (1) . Reduction in HSPG in the diabetic glomerulus has been shown to involve its distribution in lamina rara interna (1). Our in vitro observations support that GEndo contribute to reduction of glomerular basement membrane content of perlecan in diabetic nephropathy. The mechanism underlying decreased synthesis involves reduced gene expression although augmented rate of degradation of perlecan cannot be excluded.
There are interesting similarities and differences in the regulation of metabolism of 35 S-labeled glycoconjugates between the GEndo and glomerular epithelial cells when incubated in high glucose medium. Following incubation of glomerular epithelial cells for 8 days in medium containing 30 mM glucose, there was an increase in the synthesis of sulfated glycoproteins and proteoglycans present in medium and cell layer (8) . The increased synthesis of 35 S-labeled glycoproteins in glomerular epithelial cell may contribute to glomerular hypertrophic changes that predominantly involve extracellu- lar matrix. In contrast, high glucose medium caused a selective and significant reduction in synthesis of glomerular basement membrane HSPG by glomerular epithelial cells (8) . In comparison with the glomerular epithelial cells, the response of GEndo to high glucose medium was strikingly different.
There was a generalized reduction in the synthesis of 35 S-labeled glycoproteins and proteoglycans, including the medium HSPG species that resembles perlecan, a glomerular basement membrane HSPG. Additionally, prolonged incubation was needed for reduction in basement membrane HSPG synthesis by GEndo whereas shorter incubation one and eight days was sufficient with glomerular epithelial cells (10) . These observations suggest that while the reduction in HSPG content in basement membrane, reported to occur as early as 2 weeks in diabetic nephropathy (18) , may be due to changes in glomerular epithelial cell synthesis, the more sustained reduction observed at later stages may involve decrease in the synthesis of HSPG by both epithelial and endothelial cells. It is possible that prolonged incubation in high glucose leads to the formation of advanced glycated end-products (AGE) or, at least, Amadori end-products. Voziyan et al. (19) demonstrated that incubation of BSA with 30 mM glucose at 37℃ resulted in significant increase in the rate of accumulation of Amadori intermediate and the kinetics was characterized by t1/2-9 days. Therefore, GEndo maintained in 5 mM or 30 mM glucose medium for up to 2 to 3.5 months might produce significant amount of Amadori intermediate and AGE. Thus, the observed changes may not be due to direct glucose effects. We recently showed that both high glucose and AGE have reducing effects on the production of perlecan core protein by glomerular epithelial cell in vitro (20) . These effects seemed to be additive.
The mechanism by which high glucose medium decreases the GEndo synthesis of glomerular basement membrane HSPG involves regulation at the level of gene expression, analogous to our observations with glomerular epithelial cells (10) . The mechanism by which high glucose medium affects the mRNA abundance of HSPG core protein is not known but may involve either reduced transcription and/or shortened half-life of mRNA transcripts. A glucose response element (GRE), with a consensus palindromic sequence CTCGTG, has been identified in the promoter of a variety of glucoseregulated genes including liver-type pyruvate kinase, fatty acid synthase and spot-14 (21) (22) (23) . GRE is involved in upregulation of expression of the aforementioned genes, whereas glucose inhibits the gene expression of HSPG in GEndo. It is possible there are alternative sites of glucose regulation in the promoter of basement membrane HSPG. Further investigation is needed to identify intermediary steps and effectors involved in genetic regulation of basement membrane HSPG by glucose.
The significance of reduced synthesis of 35 S-labeled glycoproteins by GEndo following incubation with high glucose medium is unclear and is in contrast to the increment seen with glomerular epithelial cells (8) . Only a few of the sulfated glycoproteins in basement membrane have been identified and include entactin (nidogen) (24) (25) (26) , laminin, and fibronectin (27) . In addition, there are several uncharacterized sulfated glycoproteins in the range of 50-180 kDa (28, 29) . Glomerular entactin content is increased in diabetic nephropathy (26) . Recent observations from our laboratory have suggested that mesangial laminin content is increased in nephropathy in rats with streptozotocin-induced diabetes and db/db mice with spontaneous type II diabetes (30) . Additional studies are needed to identify the sulfated glycoproteins synthesized by GEndo. It is possible that the content of some of the hitherto unidentified sulfated glycoproteins is reduced in the diabetic glomerular basement membrane.
The reduction of HSPG synthesis by GEndo could contribute to proteinuria in diabetic nephropathy. Vernier et al.
(1) have demonstrated a significant linear relationship between urinary albumin excretion and heparan sulfate enriched anionic sites in lamina rara interna in diabetic nephropathy. The mechanisms underlying dysregulation in GEndo HSPG metabolism are unknown and could include derangements in polyol metabolism (31, 32) , nonenzymatic glycation (33) or cytokines such as TGF- (34) . Our data suggest that GEndo in vitro are an appropriate model to further investigate mechanisms involved in dysregulation of basement membrane HSPG synthesis in diabetic nephropathy.
